The effects of fructo-oligosaccharides (FOS) on gut-barrier function are still controversial in human and animal studies. Diet conditions would be a major factor for the controversy in animal studies. We fed rats a semi-purified (SP) or a non-purified diet (NP) with or without FOS (60 g/kg diet) for 9 (experiment 1) or 10 d (experiment 2). We assessed microbial fermentation, gut permeability, and inflammatory responses in the cecum (experiment 1), and mucus layer in the cecum, intestinal transit time and microbiota composition (experiment 2). FOS supplementation induced a very acidic fermentation due to the accumulation of lactate and succinate in SP, while short-chain fatty acids were major products in NP. Gut permeability estimated by urinary chromium-EDTA excretion, bacterial translocation into mesenteric lymph nodes, myeloperoxidase activity, and expressions of the inflammatory cytokine genes in the cecal mucosa were greater in SP1FOS than in SP, but these alterations were not observed between NP and NP1FOS (experiment 1). FOS supplementation destroyed the mucus layer on the epithelial surface in SP, but not in NP. Intestinal transit time was 3-fold longer in SP1FOS than in SP, but this was not the case between NP and NP1FOS. Lower species richness of cecal microbiota was manifest solely in SP1FOS (experiment 2). These factors suggest that impact of FOS on gut permeability and inflammatory responses in the cecal mucosa quite differs between SP and NP. Increased gut permeability in SP1FOS could be evoked by the disruption of the mucus layer due to stasis of the very acidic luminal contents. Key Words fructo-oligosaccharides, gut permeability, semi-purified diet, non-purified diet, rats There has been a long-lasting debate over the effects of fructo-oligosaccharides (FOS) and short-chain fructans on gut permeability in animals and humans (1, 2). In animal studies, a series of publications by Ten Bruggencate et al. (3, 4,) and others (5, 6) indicated that short-term ingestion (generally up to 2 wk) of FOS, galacto-oligosaccharides or rapidly fermentable carbohydrates increased gut permeability in rats and mice, as evidenced by the increases in the urinary Cr-EDTA excretion, commensal bacteria translocation to the organs, and salmonella invasion. In contrast, several publications have insisted that consumption of FOS and short-chain fructans could reinforce the mucosal barrier function in the large intestine, because the consumption of FOS and short-chain fructans favorably altered the intestinal mucosal architecture including the increases in crypt depth, goblet cell numbers, mucus layer thickness on the epithelial surface, and the transmucosal resistance in the cecum (7-10). These contradictory findings were obtained in animals fed 5 to 10% supplemental FOS in semi-purified (SP) or non-purified diet (NP) for different ingestion periods.
There has been a long-lasting debate over the effects of fructo-oligosaccharides (FOS) and short-chain fructans on gut permeability in animals and humans (1, 2) . In animal studies, a series of publications by Ten Bruggencate et al. (3, 4,) and others (5, 6) indicated that short-term ingestion (generally up to 2 wk) of FOS, galacto-oligosaccharides or rapidly fermentable carbohydrates increased gut permeability in rats and mice, as evidenced by the increases in the urinary Cr-EDTA excretion, commensal bacteria translocation to the organs, and salmonella invasion. In contrast, several publications have insisted that consumption of FOS and short-chain fructans could reinforce the mucosal barrier function in the large intestine, because the consumption of FOS and short-chain fructans favorably altered the intestinal mucosal architecture including the increases in crypt depth, goblet cell numbers, mucus layer thickness on the epithelial surface, and the transmucosal resistance in the cecum (7) (8) (9) (10) . These contradictory findings were obtained in animals fed 5 to 10% supplemental FOS in semi-purified (SP) or non-purified diet (NP) for different ingestion periods.
Many factors could be involved in the above-mentioned different findings of FOS on gut permeability. Our recent study, however, showed that FOS-induced increase in the gut permeability in rats fed a SP was a transient phenomenon before adaptation of the gut bacteria to FOS (11) . Cecal fermentation in rats fed 6% FOS diet for 1 wk was characterized by a very low cecal pH (well below 6.0) accompanying the accumulation of lactate and succinate, which are stronger acids than short-chain fatty acids (SCFA) but are absorbed more slowly (12) . In such a cecal environment, we found that the mucus layer on the epithelial surface in the cecum was completely destroyed, and this might be associated with the increased gut permeability (11) . But in rats fed the same diet for 8 wk, at which time the cecal pH became almost neutral and SCFA were major fermentation products, the gut permeability returned to its nor-mal level (11) . Thus, the most obvious consideration for the increased gut permeability in the short-term ingestion of FOS should be "dysfermentation" (abnormal fermentation) and possibly dysbiosis as well, presumably due to an excessive supply of a rapidly fermentable carbohydrate.
In contrast to SP, which is made of highly digestible refined ingredients, the primary ingredients of NP are provided from natural sources, such as corn, wheat bran, defatted soybean, defatted rice bran, fishmeal, defatted milk, soybean oil, and brewer's yeast. Thus, NP contains many types of non-digestible ingredients. Previous studies showed that digestion-resistant proteins substantially modified fermentation pattern of rapidly fermentable carbohydrates such as high-amylose cornstarch and FOS to shift the production toward more SCFA and less succinate and lactate through a correction of imbalance of the carbohydrate/nitrogen supply ratio as fermentation substrates (13, 14) . In addition, some poorly fermentable bulky fibers in NP may shorten large bowel transit time of the luminal contents and protect FOS from full fermentation in the cecum (15) . Collectively, we speculate that supplemental FOS in NP may elicit different features of the cecal fermentation and thereby different outcomes on the gut permeability, and immunological and microbial alterations in rats. Most of the prebiotic effects on the large bowel functions are indirectly exerted through a shift in composition of the intestinal flora and the enhanced production of organic acids and perhaps other bacterial products (16) . In this context, it would be of value to clarify which physiologic effects by FOS are exerted under which diet conditions such as SP and NP.
In this study, therefore, we aimed to determine whether feeding a NP compared with a SP supplemented with or without FOS differently impacts the gut permeability in rats, judging from urinary Cr-EDTA excretion, bacterial translocation to mesenteric lymph nodes (MLN), myeloperoxidase activity (MPO) and expression of inflammatory cytokine genes in the cecal mucosa and the mucus layer on the epithelial surface in the cecum. In addition, to get more insight into the causative factors that affect differences in the cecal fermentation of FOS and the related consequences between rats fed SP and NP, we compared the gastrointestinal transit time of the luminal contents and the microbial composition in rats fed SP or NP with or without supplemental FOS.
MATERIALS AND METHODS
Materials. FOS, being composed of 44% 1-kestose, 46% nystose, and 10% 1-f-b-fructofuranosyl nystose, was purchased from Meiji Seika (Meioligo ® P, Tokyo, Japan). A NP was purchased from Oriental Yeast Co., Ltd. (MF ® , Tokyo, Japan). According to the manufacturer's information, composition of the NP diet is shown in Table 1 and Supplemental Online Material, Table S1 . According to the method of dietary fiber measurement by Prosky (18) , the NP contained 17% total dietary fiber and 11% protease-resistant protein.
Care of animals. All aspects of animal care were under the oversight of the Institutional Animal Care and Use Committee of Shizuoka University under accepted guidelines (approval no. . Male Wistar rats (6 wk old) were purchased from Shizuoka Laboratory Animal Center (Shizuoka, Japan). The rats were housed individually in screen-bottomed stainless-steel cages in a temperature (2361˚C) and light (lights on from 07 : 00 to 19 : 00) controlled room. The rats were acclimatized for 7 d and fed a SP ( Table 1 ). The rats were subsequently allocated to groups based on body weight in order to normalize body weights across the groups. Animal experiments. Two animal experiments were separately conducted to provide enough data for cecal variables (experiment 1, epithelial mucus layer; experiment 2, epithelial mucus layer in the cecum) and Cr-EDTA excretion (experiment 1, urinary excretion; experiment 2, fecal excretion). Experiment 1. Twenty-four rats, weighing 130-150 g, were allocated to 4 groups of 6 rats each. Rats were allowed free access to water and either SP or NP with or without supplemental FOS (60 g/kg diet) for 9 d. Supplementation of FOS was performed by replacement of an equal amount of cornstarch in the SP or an equal amount of the NP as a whole. There were thus 4 dietary groups, i.e., SP, SP1FOS, NP and NP1FOS. On day 7, rats were moved to metabolic cages where they received an oral administration of Cr-EDTA (50 mg per rat) at 1300 h; urine was then collected for 48 h. The rats were killed by decapitation under pentobarbital anesthesia at 1300 h on day 9. Five samples of MLNs, to which the lymph from the cecum and the colon drain (11), were collected under aseptic conditions and used for analy- sis of bacterial translocation. The peritoneal cavity was swabbed, and samples of liver and spleen tissues were collected. The cecum was then removed and weighed. The cecal contents were homogenized and used for analyses of pH, organic acids, and IgA concentrations. The cecal tissue was cut along the greater curvature and divided into two portions. One portion was used for mucosa preparation for the isolation of total RNA and successive gene expression analyses. The other portion was stored at 280˚C until measurement of MPO. Experiment 2. Forty-four rats, weighing 130-150 g, were allocated to 4 groups of 11 rats each. Rats were allowed free access to water and one of the SP, SP1FOS, NP and NP1FOS for 10 d. On day 7, 6 rats in each group received an oral administration of Cr-EDTA (20 mg per rat) at 1200 h; feces were then collected every 6 h for 66 h. All of the rats were killed by decapitation under pentobarbital anesthesia at 1300 h on day 10. For 5 rats in each group that did not previously receive Cr-EDTA, the ileo-cecal and ceco-colonic junctions were ligated, and the cecum was immediately removed. The whole cecum with its contents was frozen in dry ice/acetone and used for analysis of the epithelial mucus layer. The cecal contents were collected from the remaining 6 rats in each group and used for the analysis of microbiota composition based on 16S ribosomal RNA genes sequences.
As a reference, we also analyzed microbiota composition of the cecal contents in rats fed the SP with or without 6% FOS for 56 d. The study had been conducted previously and published in elsewhere (11), except for the results of microbial composition. Initial body weight and the strain of rats used in the previous study were virtually the same as for those used in the present study.
Cecal pH and organic acids in fresh cecal contents. Cecal pH was measured using a compact pH meter (Model C-1, Horiba, Tokyo, Japan). Cecal organic acids were measured by a HPLC according to the internal standard method (19) .
Measurements of urinary and fecal Cr-EDTA. Cr-EDTA was prepared according to the method of Binnerts et al. (20) . Sample preparations for urinary (11) and fecal Cr-EDTA measurements (21) followed the methods described previously.
Bacterial translocation to MLN. MLNs were minced and homogenized in 0.5 mL of sterile brain-heart infusion broth (Wako Pure Chemical Industries, Ltd., Osaka, Japan) using a hand-held pestle homogenizer (Nippon Genetics, Tokyo, Japan), and then 0.1 mL aliquots of the homogenate were spread onto brain-heart infusion agar plates (Wako Pure Chemical Industries, Ltd.), which were subsequently incubated under either aerobic or anaerobic conditions at 37˚C for 24 or 48 h. Liver and spleen tissue (approx. 50 mg) homogenates and peritoneal cavity swabs were also placed in sterile brain-heart infusion broth and treated in a similar manner as MLN. After incubation, colonies on the plates were counted. Measurement of MPO. MPO was determined by the method of Bradley et al. (22) . One unit of MPO activity was defined as that required to convert 1 mmol of hydrogen peroxide to water per min at 25˚C.
IgA analysis in fresh cecal contents. Cecal IgA was determined by enzyme-linked immunosorbent assay as described previously (23) .
RNA isolation and quantitative real-time polymerase chain reaction (RT-PCR) analysis.
Total RNA isolation and quantitative RT-PCR were performed as previously described (23) . The primer pairs and protocols for PCR of IFN-g, polymeric immunoglobulin receptor (pIgR), IL-4, IL-10, TNF-a and 18S rRNA have been previously reported (11) . 18S rRNA was used as an endogenous reference gene. To confirm amplification specificity, the PCR products from each primer pair were subjected to a melting curve analysis. Gene expression was quantified using the comparative cycle threshold method (24) , and the data were expressed relative to the control group.
Quantification of bifidobacteria, lactobacilli, and total bacteria in fresh cecal contents by RT-PCR. DNA was extracted from cecal contents using a fecal DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA) according to the manufacturer's instructions. 16S rDNA fragments were amplified and detected using a Light Cycler nano (Roche, Bazel, Switzerland). Genus-specific Bifidobacterium (25) and Lactobacillus (26) primers and universal primers for bacteria (27) were used. For quantification, 16S rDNA fragments were amplified from the genomic DNA of B. animalis (JCM 1190T), L. murinus (JCM 1717T) or Escherichia coli DH5 a (Takara, Shiga, Japan), as described previously (23) .
Analysis of the epithelial mucus layer. According to the method of Tsukahara et al. (28) , the frozen cecum tissues were cut into cross-sections approximately 10-mm thick at the middle portion of the cecum with a frozen saw. The frozen section was fixed in Carnoy solution at room temperature overnight. Care was taken to avoid constriction of the tissue due to over-fixation. The fixed specimens were immersed in 80% ethanol for an additional 24 h at room temperature and then embedded in paraffin. Cross-sections of 3-mm thickness were prepared from the paraffin-embedded samples and stained with Alcian blue (pH 2.5) and then counterstained with Kernechtrot.
Microbial composition analysis. Bacterial DNA in the cecal contents was extracted using QIIAMP Fast Stool Kit (Qiagen, Hilden, Germany) by following the manufacturer's protocol. The V3-V4 region of the bacterial 16S rRNA gene was amplified and indexed by following Illumina's 16S Metagenomic Sequencing Library Preparation protocol (Illumina, San Diego, CA). The libraries were sequenced on the MiSeq sequencer using a reagent v3 cartridge and 600 cycles (Illumina). Demultiplexing and operational taxonomic unit (OTU) picking of 16S rRNA genes sequences were done in Quantitative Insights Into Microbial Ecology, v.1.9.1 (QIIME) (29) . OTUs sharing 97% identity were clustered using the CD-HIT algorithm (30) . After alignment of the sequences and removal of chimeras, the representative sequences were classified through the NCBI taxonomy database. Rarefaction curves (a-diversity curves) and a principal coordinate analysis plot based on weighted UniFrac (b-diversity) were also generated with the use of QIIME.
Statistical analyses. Data were expressed as means6 SE. Statistical analyses were carried out using JMP8.0.1 software (SAS Institute, Cary, NC). Variance homogeneity was examined by the Bartlett test. In experiments 1 and 2, two-way ANOVA was basically used to assess the effects of diet, FOS, and interactions between them. When the interaction was significant, further multiple comparisons were performed with the Tukey-Kramer post hoc test. For cecal concentrations of organic acids and IgA, and bacterial translocation (experiment 1), the nonparametric Kruskal-Wallis test was used to compare mean values because of unequal variance. Further multiple comparisons were performed with the Steel-Dwass test. The data for fecal Cr-EDTA excretion over the time (experiment 2) was further analyzed by 2-way repeated measures ANOVA. As for b-diversity (experiment 2), analysis of similarity (ANOSIM) with 999 permutations was used to detect statistical significances between microbial compositions in different dietary groups. Statistical significance was accepted at p,0.05.
RESULTS

Experiment 1
Food intakes were significantly affected by both FOS and diet factors, whereas only the FOS factor was significant in body weight gain ( Table 2 ). The interactions between FOS and diet factors were significant in cecal variables including tissue and content weights, and pH values. The cecal tissue weights were greater in the order of SP1FOS.NP1FOS.NP.SP, and the cecal content weights were greater in the order of NP1FOS. NP.SP1FOS.SP, whereas the pH values were lower in the order of SP1FOS.NP1FOS.NP.SP. All of these differences were significant. Cecal acetate, n-butyrate, and total SCFA concentrations were greater in the NP and NP1FOS than in the SP and SP1FOS. Cecal propionate concentrations were lower in SP than in the others, whereas cecal succinate concentrations were greater in SP than in the others. The number of total bacteria was affected solely by diet factors. The interactions between FOS and diet factors were significant in the number of both lactobacilli and bifidobacteria. The numbers of lactobacilli were higher in SP1FOS, NP and NP1FOS than in SP, while those of bifidobacteria were higher than in the others solely in SP1FOS. As for the cecal mRNA expression, the interactions between FOS and diet factors were significant in pIgR, IFN-g, IL-10, and TNF-a, and the expression of these were higher in SP1FOS than in the others. Only the FOS factor was significant in IL-4. Urinary Cr-EDTA excretions were significantly affected by both FOS and diet factors (Fig. 1a) . Bacterial translocation into MLN in SP1FOS was 5 to 10 times greater than in SP under aerobic and anaerobic conditions (Fig.  1b) . No bacterial translocation was detected in NP or NP1FOS. With respect to bacterial cultures, liver and spleen samples and peritoneal cavity swabs were all negative. MPO activities in the cecum were affected only by the FOS factor (Fig. 1c) . Cecal IgA concentrations in SP1FOS was more than 10 fold greater than in the others (Fig. 1d) .
Experiment 2
Trends similar to those observed with experiment 1 were also observed in experiment 2 with respect to food intakes (SP, 15764 g; SP1FOS, 14464 g; NP, 15263 g; NP1FOS, 15361 g for 10 d), and body weight gains (SP, 5861 g; SP1FOS, 5664 g; NP, 5262 g; NP1FOS, 5362 g for 10 d). Body weight gains were affected neither by FOS nor by diet. Significant interaction between FOS and diet were observed in food intakes, and that of SP1FOS was significantly lower than those of the others, which did not differ. Alcian blue staining of crosssections prepared from the cecum with its contents enabled visualization of the mucus layer between the epithelium and cecal contents in SP, and also, though somewhat blurred in NP and NP1FOS. The mucus layer in SP1FOS, however, completely disappeared (Fig. 2 , individual photos are shown in Supplemental Online Material, Figs. S1 and S2). Fecal Cr-EDTA excretions were significantly affected by diet, FOS and time factors, and the interactions among them were all significant (Fig. 3) . Between 18 h and 30 h, fecal Cr-EDTA excretions were greater in the order of NP, NP1FOS. SP, SP1FOS. Between 36 h and 66 h, fecal Cr-EDTA excretions in SP1FOS were significantly lower than in the others. The time for 50% fecal excretion of Cr-EDTA, when calculated from the individual excretion curves, was 2 to 3 times significantly longer in SP1FOS (6262 h) than in the others (SP, 3064 h; NP, 1861 h; NP1FOS, 2161 h), which did not differ.
The V3-V4 region of bacterial 16S rRNA obtained from the cecal contents of 24 rats was amplified by PCR and sequenced on the Miseq platform. A total of 1,169,345 quality-filtered sequences was obtained. Each sample was covered by an average of 48,722 reads/rat (31,336-49,558 reads). These reads were clustered into 3,499 unique OTUs with an average of 828 OTUs/rat (469-1,430 OTUs). Alpha diversity analysis of entire OTUs was performed after rarefaction to 30,100 sequences/sample (maximum sampling depth) for estimation of species richness (Fig. 4a) . Twoway repeated measures ANOVA on rarefaction curves showed that both diet and FOS factors affect species richness. Comparison between the groups at each sampling size of sequence showed that species richness in SP1FOS was far less than those in the others (p,0.01).
In weighed UniFrac PCoA, the first principal coordinate (PC1) captured 57.0% of the inter-sample variance and revealed a distinction between the microbiota of SP and SP1FOS versus NP and NP1FOS (Fig. 4b) . The second principal coordinate (PC2) captured 27.0% of the intersample variance and revealed a distinction between the microbiota of SP and SP1FOS. The differences among the dietary groups were significant (r50.80, p,0.001).
The vast majority of sequences in each group (93-98%) was assigned to five phyla: Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia, and Actinobacteria (Fig. 4c) . Firmicutes was the most abundant phylum in SP (6562%), whereas Bacteroidetes was the most abundant phylum in SP1FOS (4265%). Firmicutes (4466% and 4263%) and Bacteroidetes (4565% and 4963%) evenly dominated in NP and NP1FOS with low representation of Proteobacteria (260% and 361%), Actinobacteria (,0.1%) and Verrucomicrobia (, 0.1%). Proteobacteria, Actinobacteria, and Verrucomicrobia have a modest population in SP (661%, 260%, and 761%) and SP1FOS (1062%, 1061%, and 761%). Moreover, Proteobacteria, Actinobacteria, and Verrucomicrobia in SP1FOS were largely composed of Parasutterella, Bifidobacterium, and Akkermansia at the genus level. Microbial composition in SP and SP1FOS after 56 d-feeding study is shown in Supplemental Online Material, Fig. S3 as a reference. Compared with the results of the 9 d-feeding study (Fig. 4) , the a-diversity was still largely lower in FOS1SP than in SP, while the b-diversity of the cecal microbiota between the two dietary groups became closer, but the difference was still significant. At the phyla level, the relative abundances of Firmicutes and Bacteroidetes became similar between the two dietary groups.
DISCUSSION
In accordance with our previous studies (11, 31) , FOS supplementation induced a very acidic fermentation in the cecum due to the accumulation of lactate and succinate in rats fed SP for 9 d. FOS ingestion was also accompanied by simultaneous significant increases in gut A two-way repeated measures ANOVA was used to assess the effects of FOS, diet, time of exposure, and interactions between them (a-diversity curves). ANOSIM was used to detect statistical significances between microbial compositions in different dietary groups (b-diversity). ANOSIM, analysis of similarity; FOS, fructo-oligosaccharides; NP, non-purified diet; PC1, the first principal coordinate; PC2, the second principal coordinate; SP, semi-purified diet.
permeability (as assessed by urinary Cr-EDTA excretion and translocation of bacteria into MLNs) and myeloperoxidase activities (as a marker of neutrophil accumulation), and the expressions of inflammatory cytokine genes in the cecal tissues. In contrast, the fermentation pattern in rats fed NP was characterized by the production toward more SCFA and less succinate and lactate, irrespective of supplemental FOS in the diet. Consequently, all of the FOS-induced alterations related to gut permeability and mucosal inflammatory responses were totally cancelled in rats fed NP. Clearly, the impact of FOS on the gut mucosa quite differs between rats fed SP and NP. Regarding this difference, most of the previous publications regarding a positive effect of FOS on the gut barrier function (7-9) have been conducted in animals receiving NP, which may produce much more abundant large bowel SCFAs than in those receiving an AIN-based SP. Among SCFAs, butyrate in particular might promote secretion of mucin from goblet cells (32) and restoration of the mucus layer on the epithelial surface in the cecum. Recently, bacteria-derived SCFAs have been shown to stabilize the hypoxia-inducible factor, a transcription factor coordinating barrier protection through the colonic epithelial O 2 consumption (33). Thus, the different fermentation patterns of FOS may be indicative of the different outcomes on the gut-barrier function between rats fed SP and NP in the present study. FOS ingestion greatly increased cecal IgA concentrations in rats fed SP, but the effects disappeared in rats fed NP. Previous study clearly showed that the early elevation of cecal IgA by ingestion of FOS-supplemented SP represented a physiological response that acted to maintain gut mucosa homeostasis against the increase in gut permeability and the related mucosal inflammation (11) . This is because the expression of pIgR, a critical molecule to convey polymeric IgA across the intestinal epithelium to the mucosal surface, is upregulated by a number of proinflammatory cytokines and subsequent activation of NF-kB and STAT pathways (34, 35) . Accordingly, the impact of FOS on the cecal IgA secretion quite differs in rats fed SP and NP; no mucosal inflammation occurred in the latter. Further, both quantification of bifidobacteria by RT-PCR and analysis of 16S rRNA gene sequences corroborated the bifidogenic property of FOS in rats fed SP, but this is not the case in rats fed NP. These diet-specific effects of FOS were also manifest in the evaluation of dextran sodium sulfate-induced rat colitis in which FOS supplementation severely deteriorated the colitis in rats fed SP (36, 37) , but not in rats fed NP (37, 38) . Therefore, when FOS effects are discussed, caution must be exercised to define which physiologic effects are exerted under which diet conditions. The mechanism(s) by which supplemental FOS in the SP induces increased gut permeability in the early stage of FOS ingestion has not been fully elucidated. The most probable explanation, however, is disintegration of the mucus layer in the cecum that may prevent direct contact between commensal bacteria and the epithelial surface, as indicated by the present and the previous studies (11). Tsukahara et al. reported a similar observation in rats fed 10% FOS supplemental SP (28) . Such a disruption of the mucus layer was not observed in rats fed the FOS-supplemented NP. Lidell et al. demonstrated that an autocatalytic (non-enzymatic) cleavage in the C-terminal of Muc2 mucin, a major part of the mucous layer, occurred at an Asp-Pro bond in a time-dependent manner at a pH below 6.0 (39) . In addition to the very acidic fermentation in the cecum, the present study also showed that intestinal transit time of the luminal contents in rats fed the FOS-supplemented SP was 2-3 times longer than in those fed the other diets. Sakaguchi et al. reported that 10% FOS supplementation significantly prolonged mean retention time of the luminal contents in rats fed SP, and that the mean retention time was strongly associated with enlargement of the cecum (40) . It is therefore plausible to assume that "stasis" of the very acidic contents in the cecum may accelerate perturbation of the mucus layer in the cecum, leading to the increased gut permeability in rats fed the FOSsupplemented SP.
The drop in cecal pH due to enhanced fermentation of FOS inhibits the growth of acid-sensitive bacteria, and provides a growth-advantage of more acid-resistant bacteria including lactic acid-producing bacteria such as lactobacilli and bifidobacteria (16) . As a consequence in the present study, FOS supplementation to SP induced a lower a-diversity and a distinct separation on the b-diversity compared with SP, but this was not the case in NP with or without FOS supplementation. Dysfermentation with the accumulation of succinate and lactate, and lowered diversity of the cecal microbiota may represent a certain aspect of dysbiosis in rats fed the FOS-supplemented SP. Under an extreme fluctuation of microbiota composition, bacterial translocation to MLN could be stimulated because commensal bacteria themselves function as a barrier (41) . However, even after prolonged ingestion of FOS (56 d) in which gut permeability returned to the normal level and bacterial translocation into MLN was negligible (11), a-diversity in rats fed the FOS-supplemented SP was still lower than in those fed SP, and the b-diversity of the cecal microbiota differed between the two dietary groups (Supplemental Online Material, Fig. S3 ). Liu et al. also reported a lower species richness in rats fed 10% short-chain fructan-or inulin-supplemented SP for 4 wk (42) . These findings may suggest that the lowered diversity of microbiota per se is not necessary associated with transitional increases in the gut permeability or bacterial translocation in rats fed the FOS-supplemented SP.
In conclusion, the impact of FOS on the gut permeability, bacterial translocation, mucosal inflammation, and luminal IgA secretion in the cecum quite differs between rats fed SP and NP. From the findings of comparative study using SP and NP, it is assumed that increased gut permeability and mucosal inflammation in the cecum in rats fed the FOS-supplemental SP are evoked by the disruption of the mucus layer due to stasis of very acidic luminal contents with the accumulation of lactate and succinate.
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